Purpose The purpose of this study was to analyze the patterns of failure and survival outcome in patients with brain metastases who received whole-brain radiotherapy (WBRT) with hippocampal avoidance (HA) using simultaneous integrated boost (SIB) on metastatic brain tumors.
Introduction
Brain metastases are common manifestation of advanced cancers, observed in up to 30% of cancer patients [1] . Although whole brain radiotherapy (WBRT) increases the survival up to 3-6 months, poor prognosis is still predicted for the patients with brain metastasis [2] . WBRT had been considered as a standard treatment in patients with multiple brain metastases, and its efficacy was still valuable as combined with or without radiosurgery for the single or multiple brain metastases [3, 4] .
Despite its utility for brain metastases, WBRT may be associated with neurocognitive sequelae that decreased quality of life [5] [6] [7] [8] [9] . The deterioration of neurocognitive function after WBRT was related to the radiosensitivity of stem cells within the hippocampus. These neural progenitor cells seemed to be more apoptotic and gliogenic after cranial irradiation [10] [11] [12] . Based on the hippocampal contribution to maintaining neurocognitive function, and the development of sophisticated radiation delivery technique, a phase II trial of Radiation Therapy Oncology Group (RTOG) 0933 was proposed to verify the hypothesis that hippocampal sparing during WBRT for the patients with brain metastases might reduce or delay the incidence and/or severity of neurocognitive function decline as well as control the intracranial disease. Safety of RTOG 0933 trial was based on the reliable estimation that the risk of disease progression within the hippocampal avoidance (HA) region was not significant [13] .
Few studies have so far reported the incidences and risk of new metastasis near the hippocampus in the patients treated with HA-WBRT for multiple brain metastases. Against this background, the current study was designed to analyze the treatment outcome and patterns of failure in the patients with brain metastases who received HA-WBRT.
Materials and Methods

Patients and radiation treatment
Between September 2011 and October 2017, HA-WBRT was implemented in 65 patients with brain metastases at St. Vincent's Hospital in the Republic of Korea. Of them, 23 patients were excluded from the analysis for the following reasons; 14 patients for the absence of follow-up magnetic resonance imaging (MRI), six for the follow-up duration of less than 4 months, three for incomplete treatment. The clinical data included the age at WBRT, performance status, the site and histology of primary origin, status of extracranial disease, the number and size of metastatic tumors in brain, and radiotherapy (RT) technique, dose, and duration.
All patients received HA-WBRT with simultaneous integrated boost (SIB) on gross tumors. A total of 25 Gy for whole brain and 35-55 Gy for gross tumors were delivered with 10 fractionations by tomotherapy (TomoTherapy Incorporated, Madison, WI). The converted dose with radiobiologically weighted dose equivalent of 2 Gy per fraction (EQD2), calculated using a linear quadratic model with a / ratio of 10, was 26 Gy10 for whole brain and median 62.5 Gy10 (range, 39.4 to 71.0) for gross tumors, respectively. All targets and organs at risk were delineated on the fusion images of simulation computed tomography and diagnostic MRI. Gross tumor volume was defined as the gross intracranial lesion on T1-weighted enhancing axial images and clinical target volume as whole brain. Additional 3-5 mm margin was used to generate planning target volume for SIB on gross tumors and whole brain. Planning target volume for whole brain excluded HA zone which was defined as 5 mm volumetric expansion on both of hippocampus. Contouring of organs at risk including hippocampus was implemented as per the recommendation of RTOG 0933 trial contouring atlas (https:// www.rtog.org/CoreLab/ContouringAtlases/hippocampalsparing.aspx). Hippocampus was delineated as the hypointense area medial to the temporal horn on the T1-weighted axial MRIs. Dose constraint for hippocampus was as follows: dose at 100% volume of hippocampus (D100%)  10 Gy and maximum dose to hippocampus  17 Gy. Two patients were treated with ipsilateral hippocampal sparing due to the presence of metastatic tumor close (< 10 mm) to contralateral hippocampus.
Follow-up and statistical analysis
A follow-up with brain MRI was scheduled for all patients 1-2 months after the finish of RT and every 3 months thereafter. Responses of metastatic brain tumors were evaluated by using the Response Evaluation Criteria in Solid Tumors [14] . A complete response (CR) was defined as the disappearance of the tumor; a partial response (PR) as a 30% reduction in the longest diameter of the tumor; progressive disease (PD) as a  20% increase in the longest diameter of the tumor, or the appearance of one or more new lesions; and a stable disease (SD) as a response that did not meet the condition of PR or PD. Local tumor progression was defined as a recurrence or tumor progression in SIB field, and intra-cranial progression as any recurrence or tumor progression within whole brain. Progression in HA zone was defined as the recurrence within the area expanded 5 mm from HA zone. Local tumor control, intracranial progression-free survival (PFS), and overall survival (OS) was calculated from the start date of RT to the date of local tumor progression, intracranial progression, and any death, respectively. Kaplan-Meier method was used to evaluate the survival rate. p-values of < 0.05 were regarded as statistically significant.
Ethical statement
The review and analysis of the patient data was approved by Institutional Review Board (VC17RESI0189) of the St. Vincent's Hospital, the Republic of Korea. The informed consent was waived due to the retrospective design of the current study.
Results
Patient and tumor characteristics
The characteristics of patient and tumor are summarized in Table 1 . There were 30 men and 12 women, and the median age at HA-WBRT was 63 years (range, 31 to 79). Lung (n=29) was the most common primary site, followed by rectum (n=4), kidney (n=3), breast (n=2), colon (n=2), ovary (n=1), and thyroid (n=1). Adenocarcinoma was the most common histology (28/42, 66.7%). Thirty-five patients (83.3%) had more than 70% of Karnofsky performance status. The recursive partitioning analysis (RPA) was distributed in nine patients (21.4%) for class I, 26 (61.9%) for II, and seven (16.7%) for III. The Graded Prognostic Assessment [15] was scored with 0-1.0 in 12 patients (28.6%), 1.5-2.5 in 27 (64.3%), and 3.0-4.0 in 3 (7.1%). The number of metastatic brain tumor was median 3 (range, 1 to 12). Twenty-seven patients (64.3%) had 1-3 lesions, while 15 (35.7%) indicated  4 metastatic tumors. The median diameter of largest metastatic brain tumor was 2.2 cm (range, 0.5 to 12.0 cm). There was no patient with leptomeningeal seeding at the time of HA-WBRT. Seventeen patients (40.5%) had stable or no evidence of disease for extracranial tumor, while 25 (59.5%) had PD or metastasis at diagnosis. Nine patients (21.4%) received pre-WBRT treatment, such as surgery or chemotherapy, for brain metastases. Of 30 patients (71.4%) who received additional treatment after HA-WBRT, 16 (38.1%: lung 10, kidney 3, rectum 2, and colon 1) were treated with targeted agents. Fig. 1 shows the dose distribution and dose-volume histogram of treatment plan for a patient treated with HA-WBRT as an example. A 40-year-old woman had two metastatic brain lesions from non-small cell lung cancer and received 25 Gy for whole brain and 45 Gy for brain metastases in 10 fractionations. 
Survival outcome and patterns of failure
Twenty-five patients (59.5%) remained alive and 17 (40.5%) died at the time of analysis. The median of follow-up and overall RT duration were 10.0 months (range, 4.1 to 56.4 months) and 13 days (range, 11 to 20 days), respectively. The response of intracranial metastatic lesion after HA-WBRT with SIB was CR in five patients (11.9%), PR in 17 (40.5%), SD in nine (21.4%), and PD in 11 (26.2%). The patterns of failure are described in Fig. 2 . Intracranial progression was observed in 13 patients (31.0%) and the median duration from the start of HA-WBRT to progression was 10.6 months (range, 0.9 to 33.0 months). Local tumor progression and new metastasis outside SIB field occurred in 10 patients (23.8%) and nine patients (21.4%), respectively. Progression in HA zone occurred only in one patient (2.4%), who showed multiple metastases outside HA zone simultaneously. The 1-year rate of local tumor control was 76.6% (Fig. 3A) . Median survival and 1-year rate for intracranial PFS were 19.4 months (95% confidence interval [CI], 9.6 to 29.2) and 71.5% (Fig. 3B) , and those for OS were 26.5 months (95% CI, 15.4 to 37.5) and 67.9% (Fig. 3C) .
Of 29 patients with primary origin of lung cancer, 10 patients showed intracranial progression. Post-WBRT targeted therapy was given to 10 patients, and two of them developed intracranial progression. There was no association between 
Toxicity
Of 42 patients, 11 were asked to answer the questions regarding their neurocognitive function. Three patients mentioned some deterioration in memory, but their alleged conditions were not assessed with an objective tool. Another one showed dysarthria for 3 months after treatment. There were no grade  3 acute and late toxicities according to Common Terminology Criteria for Adverse Events, v4.03. Mild symptoms, such as headache, nausea, somnolence, fatigue, and dizziness were relieved with conservative managements. No patient had treatment break due to RT-related toxicities.
Discussion
According to a recent national cohort investigation [16] , median survival duration and 1-year survival rate was 5.0±0.4 months and 30.8±1.7% for patients with intracranial metastases, respectively. Despite well-known dismal prognosis, longer survival was anticipated for some patients with brain metastases and our results presented that 20 patients (47.6%) had survived more than 12 months after WBRT with SIB on metastatic tumors. The studies that evaluated the effect of WBRT followed by radiosurgery boost indicate that intracranial tumor control could be improved and the survival prolonged in subgroup patients, although there is no significant increase for OS in whole patients [17, 18] . Given that the favorable prognosis is shown in the subgroup patients with brain metastases, consideration should be given to the quality of life for those who received cranial irradiation. Other areas of interest included the early deterioration, less than 6 months, of recall and delayed recall and patient-reported quality of life observed in the patients with WBRT [5, [8] [9] 19] .
In a phase II multi-institutional trial (RTOG 0933), Gondi et al. [20] demonstrated that the avoiding hippocampus during WBRT was associated with the preservation of memory and quality of life. The low risk of recurrence around hippocampus would be prerequisite for HA-WBRT. Several studies evaluated the incidence and elevated risk of excluding the hippocampus from irradiated volume for brain metastases. In the safety profile study for RTOG 0933, Gondi et al. [13] showed low incidence of brain metastases within HA region, defined as the hippocampus plus 5 mm, through review of 1,133 metastatic lesion from 371 patients: 3% of brain metastases and 8.6% of patients. According to Harth et al. [21] who estimated the intracranial failure risk following HA-WBRT in the patients with non-small cell lung cancer, there was low incidence of 2.8% for brain metastasis in the hippocampus and there would be slightly increased absolute risk of 0.2% in case of delivering HA-WBRT. Sun et al. [22] recently investigated the incidence and relapse risk of perihippocampal metastases (around 5 mm the hippocampus) in patients with breast cancer. The reported rates of brain metastases in hippocampus were 1.2% of 1,678 metastases and 4.1% of 314 patients, and those of perihippocampal region were 3.5% and 11.1%, respectively. They also presented the low absolute risk of 2.2% for the increase of perihippocamapal recurrence after HA-WBRT. According to another study that analyzed the incidence of melanoma metastasis to brain, none (0.0%) and four of 77 patients (5.2%) had metastases within and within 5 mm of the hippocampus, respectively [23] . Consistent with the previous studies that presented low incidences of hippocampal metastasis, our study shows that only one patient (2.4%) experienced new metastasis in hippocampal region following HA-WBRT, confirming the safety of this hypothetical radiation delivery strategy. Besides, due consideration should be given to the fact that the patient also showed miliary spread in the whole brain as well as hippocampal metastasis. This finding might Oehlke et al. [24] reported the favorable local tumor control with acceptable HA zone metastasis in 20 patients who received WBRT with hippocampal sparing for multiple brain metastases. Cranial irradiation with hippocampal sparing was performed on whole brain with 30 Gy in 12 fractions (EQD2, 31.3 Gy10) and SIB on metastatic tumors with 51 Gy in 12 fractions (EQD2, 60.6 Gy10) using volumetric modulated arc therapy approach. There were two patients who developed new metastasis in the HA zone. They, however, showed concomitant multiple new lesions outside hippocampal region, consistent with our finding. With median follow-up of 40 weeks, local tumor control treated with dose escalation was 73% and median survival and 1-year survival rate were 40 weeks and 45.3% for intracranial PFS, and 71.5 weeks and 60% for OS. These figures seem a little inferior to our data (median 19.4 months and 1-year rate 71.5% for intracranial PFS; median 26.5 months and 1-year rate 67.9% for OS). The inconsistent outcomes could result from the difference in numbers of metastatic brain tumors. About two thirds of patients (27/42, 64.3%) had 1-3 metastatic lesion (median, 3; range, 1 to 12) in our study, while all the patients had brain metastases of median 5 (range, 2 to 13) in Oehlke et al.'s [24] . The proportion of patients with RPA class I and post-WBRT treatment might be other factors that have influenced on intracranial control and survival. A total of 16 patients were treated with post-WBRT targeted therapy (lung 10, kidney 3, rectum 2, and colon 1) in our study. To confine the origin of lung cancer, two patients developed intracranial progression and eight didn't. There was no statistically significant difference for incidence (p=0.414), but relatively prolonged time to progression for intracranial recurrence. One patient had intracranial PFS of 33.0 months, while the other only 8.5 months who had stopped the gefitinib 3 months before developing intracranial progression without her physician's permission. Compared with median survival of 15.9-21.9 months in the patients who received erlotinib or gefitinib for brain metastases from lung cancer [25] [26] [27] , 33.0 months of intracranial PFS would be noteworthy for the efficacy of WBRT in addition to targeted therapy.
Our study has some limitations due to small retrospective nature. First, it could be underestimated for intracranial PFS in some patients due to inconsistent follow-up of post-WBRT MRI. Second, there would be confounding factors for local tumor control and survival, because of a heterogeneous group of patients and disease status. Third, the patients in our study were not assessed on impaired function of hippocampus by objective tools, such as Hopkins Verbal Learning Test-Revised. Fewer than a third of patients (11/42, 26.2%) were asked to have their memory status evaluated before and after WBRT by an attending physician and dropouts were a problem in evaluating neurocognitive function.
In conclusion, the current study confirmed an acceptable low risk of new metastasis in HA region in the patients with brain metastases who received HA-WBRT. These findings would serve as useful guidance in applying HA-WBRT in clinical practice. Further investigation is warranted in a larger sampled multi-institutional study.
